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Summary
Tissue engineering is the construction, repair and replacement of damaged or missing
tissue in both humans and other animals. [1] The formation of new blood vessels
plays a major role in this process, known as angiogenesis, providing essential oxygen
and nutrients for new tissue. As the result, the motility and alignment of endothelial
cells, which form the inner surface of blood vessels, is worth exploring, especially in
a three dimensional (3D) environment.
The aim of this work is to understand the behavior of endothelial cells on polymer
substrates with different microfabricated patterns. A pattern with different dimen-
sions of grooves and ridges (width: 5µm, 10µm, 15µm, 20µm, 25µm, depth: 9µm) has
been fabricated by proton Beam Writing (PBW) technique on Polymethyl methacry-
late (PMMA) substrates. This groove/ridge pattern is used to compare the cell
movement on different dimension of ridges. The total average speed of cells on differ-
ent ridges were measured, ranging from 0.0171 µm/s to 0.0203 µm/s, and found to be
independent of ridge geometry. The cells can be aligned along the ridges compared
to those on plain surface, and the average speed Vy in the direction perpendicular to
xiii
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the grooves or ridges on different ridges is dependent on ridge geometry. This work
shows that the grooves or ridges can guide the cells’ movement.
A smooth muscle cell (SMC) pattern has been fabricated in PMMA to explore
the movement behavior of cells in a more complex geometry, in order to simulate the
movement of endothelial cells migration through the layers of smooth muscle cells.
The results shows that the endothelial cells are easily able to migrate through complex
geometries.
A metal stamp containing ridges and grooves with an area of 5 × 5 mm2 and depth
of 9 µm is used to imprint large area scaffolds for RNA detection, in order to analyze
those genes involved in the various endothelial cell’s cellular response associated with
the geometric microenvironment. The results show that the genes related to the
geometric constraints involved in the angiogenesis process have not been affected,
while those genes related to the adhesion ability have changed.
Further possible investigations, including different dimensional SMC like patterns




The research scope and aim is to investigate the motility and alignment of endothelial
cells involved in angiogenesis, on 3D scaffolds fabricated using the Proton Beam
Writing (PBW) technique.
1.1 Tissue Engineering and 3D Scaffolds
Tissue engineering may be defined as the use of a combination of cells, engineering
materials, and suitable biochemical factors to improve or replace biological functions.
Probably the first definition of tissue engineering was by Langer and Vacanti who
stated it to be “an interdisciplinary field that applies the principles of engineering and
life sciences toward the development of biological substitutes that restore, maintain,
or improve tissue function” [2]. In natural tissues, the cells are arranged in a three
dimensional environment which can provide them appropriate functional, nutritional,
and spatial conditions [3]. Although the behavior and function of cells are changed by
1
2the geometric constraints, very little work has been carried out to explore the motility
and alignment of the cells in this 3D environment. In addition, this knowledge is
particularly important in the newly emerging field of tissue engineering.
It is becoming increasingly necessary to understand these mechanisms in order
to achieve a complete understanding of cell behavior. In this work, we focus on
the fabrication of 3D biocompatible scaffolds to study the geometric influence these
scaffolds have on motility and alignment of the Human Umbilical Vein Endothelial
Cells (HUVEC, Figure 1.1 [4]).
Figure 1.1: Micrograph of HUVE Cells plated on a flat substrate
31.2 Endothelial Cells and Angiogenesis
What are Endothelial Cells and why do we study them?
All blood vessels and lymphatics are lined internally by a single layer of endothelial
cells; the layer being called the endothelium, as shown in Figure 1.2 [5]. These cells
play multiple functional roles: for example they keep cells within the blood stream
from leaking out of the vessels, are the key determinants of health and disease in
blood vessels, and play a major role in arterial disease.
Figure 1.2: A diagram of the artery, Dept. of Biomed, Brown Univ.
Endothelial cells are involved in the formation of new capillary blood vessels,
known as angiogenesis (Figure 1.3 [6]). Angiogenesis is essential for all body tissue
formation, growth and homeostasis, as well as in the pathologies of many diseases,
4such as cancer, diabetic retinopathy, and rheumatoid arthritis [7] [8]. Under normal
conditions, in the adult, angiogenic neovascularization occurs during such conditions
as wound repair, ischemic restoration and the female reproductive cycle. On the other
hand, when tumor cells grow in the human body, they will also stimulate angiogenesis,
as shown in Figure 1.3.
Figure 1.3: The process of angiogenesis, Peregrine Pharmaceuticals Inc
Figure 1.3 depicts the major steps of angiogenesis during the tumor cells’ growth.
Tumors produce and release angiogenic growth factors (proteins) that diffuse into the
nearby tissues. Then the angiogenic growth factors bind to specific receptors located
5on the endothelial cells (EC) of nearby preexisting blood vessels. Once growth factors
bind to their receptors, the endothelial cells become activated, and signals are sent
from the cell’s surface to the nucleus. The endothelial cell’s machinery begins to
produce new molecules including enzymes, which dissolve tiny holes in the sheath-
like covering (basement membrane) surrounding all existing blood vessels. After
that, the endothelial cells begin to divide (proliferate), and move out through the
dissolved holes of the existing vessel membrane, and then migrate through layers of
smooth muscle cells surrounding the artery wall, towards the diseased tissue (tumor).
Specialized molecules called adhesion molecules, or integrins serve as grappling hooks
to help pull the sprouting new blood vessel forward. Additional enzymes are produced
to dissolve the tissue in front of the sprouting vessel tip. As the vessel extends, the
tissue is remolded around the vessel, and endothelial cells roll up to form a blood
vessel tube. Individual blood vessel tubes connect to form blood vessel loops through
which the blood can circulate blood. Finally, newly formed blood vessel tubes are
stabilized by specialized muscle cells (smooth muscle cells, pericytes) that provide
structural support.
1.3 Understanding Angiogenesis Physically and Bi-
ologically
Why is angiogenesis so important and how do we study it?
6Angiogenesis is essential for all body tissue formation, growth, and homeostasis.
A developing child in a mothers womb must create the vast network of arteries,
veins, and capillaries that are found in the human body. Angiogenesis remodels
this network into the small new blood vessels or capillaries that complete the childs
circulatory system. In addition, for adults, although it is a relatively infrequent event,
angiogenesis is necessary for the repair or regeneration of tissue during wound healing.
In pathologies, angiogenesis is also a common process in tumor growth, as shown in
Figure 1.3. Recent research has shown that the inhibition of angiogenesis can prevent
the growth of tumor in mice and possibly in human, without producing side effects [9].
Furthermore, angiogenesis is useful for tissue engineering. To manufacture new tissue
will require the growth and formation of new blood vessels to supply essential oxygen
and nutrients.
In our study, we want to explore the process from the point of view of the physical
constraints of the endothelial cells in a simulated 3D environment. In a collaboration
with scientists in the Department of Biological Sciences, NUS, we have also analyzed
potential changes in related gene expressions in cells which have been physically
constrained by 3D scaffolds. In order to collect a large number of cells for analysis,
large area 3D scaffolds are required. The fabrication of metal stamps, and the process
of imprinting these stamps into multiple copies of scaffolds are also discussed.
71.4 Chapter Outline
Chapter 2: This Chapter will introduce the proton beam writing facilities at the
Centre for Ion Beam Applications (CIBA) in NUS. Fundamental concepts about
proton beam interactions with materials are explained, and the fabrication processes
of thick and thin PMMA substrates with 3D structures are discussed in detail.
Chapter 3: A general description of the main points of cell culture is given, followed
by a series of cell migration experiments, including human umbilical vein endothelial
cells (HUVEC) movement on plain PMMA surface, and on a pattern which has 5µm,
10µm, 15µm, 20µm, 25µm wide grooves and ridges substrate with the depth of 9µm.
The average cell speed and orientation on this scaffold are also studied. In addition,
the cell migration behavior through a more complex structure simulating a natural
smooth muscle cell pattern, has also been explored.
Chapter 4: A background of recent studies about geometrical substrates affecting
cell behaviour is included at the beginning of this chapter. Biological mechanisms
associated with cell adhesion, and migration on both plain and patterned substrates
are briefly described to aid the understanding and interpretation of the cell migration
experiments. Further discussion will be made on the results from the measurements.
Chapter 5: This chapter shows how to make a metal stamp, and introduces the
basic aspects of Ni electroplating including the details of the plating process of PMMA
8structures. Stamps made from the polymer resists are discussed, followed by a de-
scription of the hot embossing method, which can transfer 3D patterns into moldable
polymers. Also discussed are the procedures to bond the patterned sample with a
polymer top housing to enclose the growth medium within the pattern in the biolog-
ical experiments. In addition, the RNA analyses are carried out by our collaborators
from the Department of Biological Sciences, NUS: these methods and the results are
described.
Chapter 6: The last chapter presents the conclusion of this project, where some
suggestions for further development are discussed.
Chapter 2
Fabrication of 3D Scaffolds Using
P-beam Writing
In this chapter, facilities used in this work, and the process of 3D scaffold fabrication
is given in detail.
2.1 Center for Ion Beam Applications and Instru-
ments
The Centre for Ion Beam Applications (CIBA), National University of Singapore,
is a state-of-the-art research centre utilizing advanced high energy (MeV) ion beam
techniques covering a wide range of disciplines, including biophysics, lab-on-a-chip
technology, nuclear microscopy of degenerative diseases, microphotonics, advanced
materials characterization and semiconductor micromachining.
As shown in Figure 2.1, high energy beam, especially proton, H2
+, and α, are gen-
erated in the 3.5 MV high brightness High Voltage Engineering Europa SingletronTM
9
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ion accelerator, shown in the background (top right) [10]. The accelerated ion beam
travels through a beam line via a 90◦ analyzing magnet, and through a switching
magnet used to direct the beam to different beam line facilities. In the foreground
is the PBW line (nearest), the nuclear microscope (middle) and the broad beam
IBA/channeling facility (farthest).
Figure 2.1: Schematic diagram of the beam line facilities at CIBA. Inset photograph
shows the Singletron accelerator in the background and in the foreground is the PBM
facility (10◦ beam line), the nuclear microscope (30◦ beam line) and the broad beam
IBA/channeling facility (45◦ beam line).
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The major part of this work is carried out on the 10◦ beam line, PBW line. The
following Figure 2.2 [11] gives a close view of the end setup of P-beam writer.
Figure 2.2: P-beam writing end station set-up.
The p-beam writer utilizes the Oxford Microbeams high demagnification lenses
(OM52) in a high excitation triplet configuration. This lens system operates at an
object distance of 7 m and an image distance of 70 mm resulting in system demagni-
fications (228 × 60 in the X and Y directions respectively) [11].
The sample is mounted on a computer controlled Burleigh Inchworm XYZ stage
positioned inside the exposure station, as shown in Figure 2.3. The XYZ stage has
a travel of 25 mm for all axes with a 20 nm closed loop resolution. In the exposure
chamber, there are two types of detectors, one is Rutherford Backscattering (RBS)
detector, for backscattered particles from the target; and the other detector is a
12
Channel Electron Multiplier (CEM) detector, for beam induced secondary electrons.
The two types of detectors are used to monitor the proton dose written into the resist.
Figure 2.3: Interview of P-beam exposure station.
The system has been designed to be compatible with Si wafers up to 6”. This new
focusing system is able to produce proton beams down to a sub-100 nm spot size,
which can be used for maskless direct write lithography.
The Figure 2.4 [12] shows a schematic diagram of the micromachining scanning
system in CIBA. A software package has been developed using Microsoft Visual C++
development environment, and combined with the National Instruments NI-DAQ
drivers, it allows us to support any of the National Instruments analog output card
13
under Microsoft Windows operation system without requiring any major revisions
to the code. Another software package, named as Ionutils, is used to support file
conversion to and from monochromatic bitmap, ascii and epl, the native file format
used by Ionscan. [12]
Figure 2.4: A schematic diagram of the scanning and control hardware setup at the
Centre for Ion Beam Applications, National University of Singapore proton beam
writer.
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2.2 Proton Beam Stage Scanning
In the exposure station, the sample is mounted on a stage, and the proton beam is
scanned over the resist material.
Two major scanning models have been developed: one is magnetic scanning, and
the other is magnetic scanning plus stage scanning. In the magnetic scanning, the
beam is scanned on the sample following a pattern, which can be designed in the
Ionutils software package mentioned above, by a set of electromagnetic scan coils
which are placed in front of the quadrupole lens system. The whole process is under
control through a computer using the software package Ionscan. The major function
of this program is to scan the focused ion beam in a vector style pattern with controlled
blanking [13] and timing defined either by a normalization detector or at a uniform
rate. The Figure 2.5 [12] is a diagram of the interface of the program.
Using magnetic scanning, a scan area of 500 µm × 500 µm for the 10◦ beam line,
and to 1 mm × 1 mm for the 30◦ beam line can be achieved. When large area of
scaffolds are needed, e.g 5 mm × 5 mm pattern, then the combination of magnetic
scanning and stage scanning can be used. This method allows the user to scan the
stage in either the x or y direction as shown in Figure 2.6 [13], and simultaneously
scan the beam magnetically (or electrostatically) in the perpendicular direction, while
monitoring the normalization signal. This is an important feature of the stage control
software as it allows the user to make linear structures over the whole length of the
15
Figure 2.5: The Ionscan software graphical user interface running under windows
XP. This is one of the three programs that make up the Ionscan proton beam writing
scanning and control software suite of programs. The software is developed using the
Microsoft Visual C++. NET 2003 development environment.
stage movement, which is 2.5 cm. [12] The line scan feature has been successfully
used to make long microfluidic channels and linear waveguides [14] [15].
During the exposure, the level of dose is under control. If the total dose is more
than needed, the resist may be burned, whereas less dose results in underexposure.
For example, the optimum dose for the thick PMMA sheet is 60 (nC/mm2), within
a dose window of 5∼10%. As a result, an optimized scanning time is to be set
16
Figure 2.6: Path followed by the beam in magnetic plus stage scan mode. (a) X-
scan mode, magnetic scanning performs in X-direction while the stage moves in Y-
direction. (b) Y-scan mode, magnetic scanning in Y-direction, the stage movement
in X-direction. The dashed lines show that beam is blocked while stage changes from
one channel to the next.
according to the incident beam current. The stage speed for fabricating a channel
can be calculated as follows [13]:




In the Ionscan software, the stage speed is also used to determine the update time,
which indicate what speed the beam is magnetically scanned perpendicular to the
direction of the stage scan. The longer the update time, the smoother the side wall
of the structure. However, too rapid magnetic scanning will result in a dentation-like
pattern, as shown in Figure 2.7. This is because the beam spot appears as individual
17
exposed spot in the pattern. However if the update time is too long, the exposure will
be time consuming, which is not economical. In general, if the beam area overlaps
more than 80%, the smoothness of the side walls is acceptable. The update time can
be calculated as follows:
Update T ime (s) =
Diameter of beam spot× (1− 80%) (µm)
Stage Speed (µ/s)×Resolution pixels× 2 (2.2.2)
Figure 2.7: Too fast magnetic scanning will result in dentation like pattern
The resolution pixels is set in the Ionscan software, representing the size of the
pixels in the direction of magnetic scanning. The size of each pixel must be much less
than the width of a channel if the beam is magnetically scanned from side to side.
The Figure 2.8 shows an example that chooses a resolution of 512 pixels across a
channel width.
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Figure 2.8: A beam path representation during the combination of magnetic scanning
and stage scanning
2.3 Materials Fabricated by P-beam Writing
In tissue engineering, the biomaterials and scaffolds play an essential role in guiding
new tissue growth in vivo and vitro. Materials that are biodegradable or biocom-
patible are in high demand. Current research and development in biomaterials and
scaffolds address problems across the field of tissue engineering. At one end, suit-
able materials are needed for culturing cells. Cells cannot grow, proliferation on any
material, except that are biocompatible. These biocompatible materials can be fab-
ricated into scaffolds that have defined shapes, or into a complex, porous, internal
architecture which can direct tissue growth. To meet both two conditions, poly-
mer is a good choice. Previous studies have shown that many kinds of polymer are
suitable for tissue engineering, including PMMA (polymethyl-methacrylate), PDMS
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(polydimethyl-siloxane), PS (polystyrene), and so on [16] [17] [18]. In our work, we
focus on the fabrication of PMMA scaffolds, because this material is compatible with
proton beam writing.
2.3.1 Thick PMMA Substrates
Polymethyl methacrylate (PMMA) is the synthetic polymer of methyl methacrylate.
The structure of PMMA is as shown in Figure 2.9 [19], and its density is 1190 kg/m3,
about half that of glass.
Figure 2.9: The structure of PMMA: (C5O2H8)n
The proton beam writing fabrication process is displayed in Figure 2.10. A focused
beam of Mev protons scans across the surface of the PMMA substrates. When the
PMMA substrate is exposed to the focused ion beam, scission of molecular chains
occurs: the mechanism of the scission of molecular chains in PMMA is as shown in
Figure 2.11 [20].
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Figure 2.10: Schematic representation of the fabrication process of micro patterns
Figure 2.11: Mechanism of radiation-induced chain scission in PMMA
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The scission process lowers the molecular weight and makes these degraded poly-
mer chains soluble in developer. The dose needed for the irradiation by 1 MeV p-beam
has previously been determined to be 60 (nC/mm2). After exposure, the substrates
are developed following the basic steps [21]:
(1). Development : Temperature maintained at 35◦C ∼ 39◦C, with mild agitation,
in 60% Diethylene Glycol Monobutyl Ether, 20% Morpholine, 5% Ethanolamine, 15%
Water. The time of development is dependent on the depth of the structure, which
is associated with the beam energy, as indicated in Table 2.1 (Calculated from the
software SRIM [22]). In general, the structure can be developed 1µm deep in 1
minute.
(2). 1st Rinse: with mild agitation, 5 minutes in DI (deionized) water
(3). 2nd Rinse: 30 minutes ∼ 1 hour in DI water







Table 2.1: The depth of the structure in PMMA associated with specific energy
In our experiments, two different pattern of microstructures have been fabricated:
one is a scaffold with multi grooves and ridges, and the other is smooth muscle
cells simulation pattern. The results are shown in the following optical pictures:
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Figure 2.12. The dimensions of the grooves and ridges are 20 µm wide and 9 µm
deep, while, the length and width of blocks in the smooth muscle cell simulation
pattern are 15 µm and 45 µm respectively, with a depth is also 9 µm. The radius of
the rounded corner is 5 µm. The details of cell migration experiments are introduced
in the later chapters.
Figure 2.12: Micro patterns fabricated in thick PMMA substrates
2.3.2 PMMA Resist
Although the P-beam writing technique is a relatively fast and does not need a mask
to fabricate complicated structures, it is a direct write process and therefore has
limitations in the mass production of micro or nano structures. As mentioned in
Chapter 1, in part of our project we need a large number of large area scaffolds for
RNA analysis, which needs a large number of cells. Consequently, it is more effective
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to make multiple copies of scaffolds from a metal stamp, which can be electroplated
from a polymer layer coated on Si substrates.
The substrate is a Si wafer with a thin layer of Cu, approximate 200 nm, in
order to promote the adhesion of the PMMA resist to the substrate. During the
experiments, the Cu layer tends to peel off from the substrate, so before coating Cu
on the Si wafer, a layer of Cr or Au is required as intermediate layer. Furthermore,
the PMMA resist has bad adhesion to the metal layer. If only 4 µm thick PMMA is
required, there is no adhesion problem. However, thicker layers of PMMA reduce the
adhesion ability to the metal layer, since the residual stress increases with thickness.
In such cases, a layer of hexamethyldisilizane (HMDS) was deposited as a promoter
before spin-coating PMMA resist on the Si substrate [13]. To dehydrate the surface,
the coated Si wafer is baked at 110◦C on hot plate for 30 minutes, under the flow of
N2 in order to protect the Cu layer from oxidation.
To obtain stable 4 µm PMMA resist, the spin coating condition and steps are [13]
(as shown in Figure 2.13):
(1) Static Dispense: Approximately 1ml of PMMA 950 (950K molecular weight,
11% in anisol) resist per inch of substrate diameter.
(2) Spread Cycle: Ramp to 500 rpm at 250 rpm/second acceleration. This will
take 2 seconds.
(3) Spin Cycle: Ramp to a final spin speed of 1000 rpm at an acceleration of 250
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rpm/second and hold for a total of 90 seconds.
(4) End: Reduce to 0 rpm at a deceleration of 500 rpm/second.
Figure 2.13: Spin-coating for PMMA 950 resist
After the PMMA resist has been deposited on the substrates, it must be soft
baked to evaporate the solvent at 180◦C for 3 min [23]. The P-beam fabrication
process is similar for both thin and thick PMMA substrates, as shown in Figure 2.10.
The proton dose used to expose the 4 µm PMMA resist was 150 nC/mm2, and the
development process is slightly different. The exposed PMMA resist is developed
using a mixture of Isopropyl alcohol (IPA) and water in the ratio of 7:3 and rinsed in
DI water, and the development time for the 4 µm structure is around 2∼3 minutes.
Chapter 3
Cell Culture Processes and
Migration Experiments
Biocompatible PMMA substrates, with designed microstructures, are fabricated using
Proton Beam Writing (PBW) technique. These scaffolds are used for studying the
motility and alignment of cells. Two kinds of pattern have been designed and the
results of the cell migration experiments will be discussed. Our results are compared
with previous ones.
3.1 Introduction to Cell Culture
The cells used in our project are Human Umbilical Vein Endothelial Cells (HUVEC),
isolated from human umbilical cord in our collaborators’ lab. In most cases, cells
must be grown in culture for days or weeks to obtain sufficient numbers of cells for
analysis. Maintenance of cells in long-term culture requires strict adherence to aseptic
technique to avoid contamination and potential loss of valuable cell lines [24].
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Cells are cultured in a tissue culture medium, which is an important factor influ-
encing the growth of cells. In general, the medium is supplemented with antibiotics,
fungicides, or both to inhibit contamination. When the cells become confluent (the
cells reach an optimum density in the culture flask), they must be subcultured or
passaged (split from one flask to 2 or 3 new flasks). Failure to subculture confluent
cells results in reduced mitotic index and eventually cell death [24]. In order to sub-
culture the monolayers, the first step is to detach cells from the surface of the primary
culture vessel by trypsinization or mechanical means. Then the cell suspension is sub-
divided, or reseeded, into fresh cultures. Secondary cultures are checked for growth,
fed periodically, and may be subsequently subcultured to produce tertiary cultures,
etc. The time between passaging cells depends on the growth rate and varies with
the cell line [24].
The cells used in our project, HUVEC are cultured in CSC (Cell System Cor-
poration, USA) complete medium at 37◦C, and 5% CO2. Last, but not least, when
working with these human cells, appropriate biosafety practices must be followed.
And all solutions and equipment coming into contact with living cells must be sterile,
and aseptic technique should be used accordingly.
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3.2 Facilities and Methods Used to Record Cell
Movement
This section introduces the time-lapse microscope used in the investigation of cell
motility. The section also explains the method used to record the cells’ track, includ-
ing the software to calculate the cell speed on the micropattern of scaffolds.
3.2.1 Introduction to the Time-lapse Microscope
A new Zeiss Axiovert 200M Light Microscope has been set up in Department of
Biological Sciences, National University of Singapore. This model is a motorized
inverted microscope with 10× conventional and 20× DIC objectives and 40×, 63×,
and 100× DIC oil-immersion objectives. It is especially useful in observing long-term
alterations in cell culture systems [25], and is well equipped for both transmitted light
microscopy and fluorescence microscopy, as shown in Figure 3.1 [13].
The microscope is connected to a digital colored CCD camera, used for imag-
ing fixed samples and for time-lapse recordings of the movement of living cells. In
addition, a stage heater is embedded in the stage to provide living cells a suitable en-
vironment for culture at a set temperature of 37◦C. The microscope is also equipped
with a CO2-incubation system for live cell experiments. A digital deconvolution and
image analysis are installed on a PC running Windows 2000 with Zeiss Axiovision
software package.
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Figure 3.1: Zeiss Axiovert 200M Light Microscope
Before use, the fabricated scaffolds are sterilized by UV light for around 2∼3
hours. After that, cells are seeded in either reservoir, provided by the top-housing
(fabricated from PMMA) bonded onto the scaffolds with the microstructures, as
shown in Figure 3.2.
The bonded substrates with cells and culture medium are placed in a incubator at
a temperature of 37◦C, with an atmosphere of 5% CO2, in order to provide the cells
a suitable environment to grow. When the cells attach to the PMMA substrates,
another few ml of medium is added to cover the cells and the microstructures, to
prevent evaporation. In general, it will take 1∼2 days for cells to become active
enough to migrate to the patterned structures from the flat bottom of the reservoir.
The time-lapse microscope is then activated to record the movement of the cells at
10 minutes interval per frame. Around 60 frames are taken during each experiment,
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Figure 3.2: Top view of the culture dish with medium and scaffold
taking 10 hours, although occasionally, we take longer time to get more information
about the migration process.
3.2.2 Program for Cell Speed Measurement
Each frame taken using the microscope is saved in JPEG format. The pictures are
imported to a program, named IDL (Interactive Data Language, Research Systems,
Inc), to measure the speed of the cells and analyze the behavior of the cells’ motility.
Figure 3.3 shows a screen print image of the interface of the IDL program.
The frames can be linked to form a continuous movie, and cells singled out for
analysis. These are the cells which are relatively isolated and healthy, since if the
cells are accumulated together, we can not tell whether the cell moves on its own
or is subjected to the interference from other cells. Research has indicated that the
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Figure 3.3: The interface of the IDL program software
collisions between cells moving on substrates might have a very marked effect on the
movement [26]. When an isolated cell is chosen, we can use the mouse to click on the
cell for each frame. The program will record the pixel position of the cell, which can
be converted to coordinates. The program will finally generate a file that contains all
the coordinates of the cell in each frame. By using the time interval between every
consecutive frames, the speed of the cell can be calculated.
We regard the center of the shape of the cell as its position, since the center of
mass is hard to define because the mass does not necessarily move uniformly. This
approach is more complex even if the phase stepping microscope is use to follow mass
distribution [27].
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3.3 Experiments for Cell Motility Study
In order to understand the process of angiogenesis, introduced in Chapter 1, the
properties of HUVECs movement need to be studied. Previous work has been done
in this field to analyze the mechanism of motility of cells on different types of materials
as well as patterns [28] [29].
In this section, two sets of experiments have been done to explore the motility
behavior of the cells on the microstructures. One experiment is to compare the cells’
speed on different dimensions of grooves and ridges, while the other one is to simulate
the movement of cells crossing the smooth muscle cells like structures.
3.3.1 Movement on Grooves and Ridges
Cells moving on a plain surface show random walk, in the absence of other stimuli
such as chemical, electrical, or other oriented signal gradients [30]. This has been
confirmed by previous work done in our lab indicating that cells moving on a plain
surface do not have direction preference. Figure 3.4 shows the image of the cell
migrating on the surface of a plain substrate (The white dots are those dying cells
which do not adhere to the substrate properly). However, those on the micron size
grooves and ridges patterns, show some differences [13].
Our previous work has shown that on substrates with grooves and ridges, the cells
align along the direction of the grooves or ridges. In these experiments, the results
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Figure 3.4: Image of cell movement on the plain surface
were taken at different times using different sets of cells (although they were the same
type). Inaccuracies may have been introduced since different sets of cells may not
behave the same. In addition, the surface of the scaffolds may not be the exactly same
for each case and it is known that the properties of the surface have significant effects
on the cell’s behavior. In order to remove these inaccuracies, a PMMA substrate with
different dimensions of grooves and ridges integrated into one pattern are fabricated
using PBW. As a result, we can observe the cells’ migration simultaneously, in one
set of ridge geometries.
This new pattern include 5µm, 10µm, 15µm, 20µm, and 25µm wide grooves and
ridges, while the depth of the structure is 9µm. When the structure has been written
on the substrate, another piece of top housing with two reservoirs is bonded on the
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top of the substrate, to limit the movement of the cells within the structure. The
bonding process is as indicated in Figure 3.5. The temperature is 140◦C, and the
pressure is 2×105Pa. The process takes around 3 hours.
Figure 3.5: Bonding process of the scaffolds for cell migration experiments: (1) The
top-left blue piece is the top-housing with two reservoirs on each side connected by a
tunnel; (2) The bottom-left yellow piece is the substrate with structures; (3) The left
one is the bonded scaffold for cell migration experiment, and the cells are seeded in
either reservoir.
The arrangement of different dimensions of grooves and ridges are shown in the
following Figure 3.6. The width of the whole pattern is 1 mm and the length of
the grooves and ridges is 2 mm. The culture condition are maintained as mentioned
before: 37◦C, with 5% CO2 to achieve a PH value around 7. The HUVECs were
seeded in either reservoir at a density of 1×105 cells/ml. When the cells move into
the structure area, magnified pictures are captured at time interval of 10 minutes,
optimized in previous tests.
The following picture (Figure 3.7.) is one of those imported to the IDL program
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Figure 3.6: Top view of the bonded scaffold from the Zeiss Light Microscope with 5
times magnification.
to calculate the speed, with a larger magnification compared with Figure 3.6. The
cells move to the ridge structures from the reservoir (left side of the image) where
they were seeded.
After 120 frames have been taken, taking around 20 hours, the pictures were
imported to the IDL program to measure the speed of cells. We calculated the speed
of each step, and the average speed was also divided into an X and Y component
in order to analyze geometric guidance of cells on the substrate. The X direction is
along the grooves and ridges, while Y direction is perpendicular.
The results are shown in Table 3.1, Table 3.2, Table 3.3, Table 3.4, Table 3.5, for
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Figure 3.7: Image of cell movement on the structures
different dimensions of grooves and ridges, 5µm, 10µm, 15µm, 20µm, 25µm respec-
tively. In each table, the average speed in X direction Vx (µm/s), average speed in
Y direction Vy (µm/s), and the total average speed V (µm/s), is listed.
Cell Number Vx (µm/s) Vy (µm/s) V (µm/s)
1 0.0157 0.0067 0.0186
2 0.0170 0.0070 0.0198
3 0.0223 0.0061 0.0243
4 0.0124 0.0046 0.0140
Total Average 0.0169 0.0061 0.0192
Table 3.1: Average speed on 5µm wide grooves and ridges
From the Table 3.1 ∼ Table 3.5, we can formulate a general view of the migration
behavior of the cells on these structures. The average speed of the cells are similar
for different ridge widths, and range from 0.0171 ∼ 0.0203 (µm/s).
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Cell Number Vx (µm/s) Vy (µm/s) V (µm/s)
1 0.0252 0.0036 0.0258
2 0.0200 0.0024 0.0206
3 0.0186 0.0031 0.0193
4 0.0248 0.0017 0.0260
5 0.0149 0.0046 0.0173
6 0.0124 0.0030 0.0203
Total Average 0.0193 0.0030 0.0203
Table 3.2: Average speed on 10µm wide grooves and ridges
Cell Number Vx (µm/s) Vy (µm/s) V (µm/s)
1 0.0108 0.0039 0.0127
2 0.0186 0.0065 0.0210
3 0.0135 0.0054 0.0156
4 0.0138 0.0030 0.0147
5 0.0217 0.0056 0.0236
6 0.0185 0.0046 0.0200
Total Average 0.0160 0.0033 0.0179
Table 3.3: Average speed on 15µm wide grooves and ridges
Cell Number Vx (µm/s) Vy (µm/s) V (µm/s)
1 0.0144 0.0030 0.0156
2 0.0222 0.0027 0.0227
3 0.0088 0.0039 0.0109
4 0.0187 0.0028 0.0193
5 0.0153 0.0044 0.0170
6 0.0167 0.0031 0.0173
Total Average 0.0160 0.0033 0.0171
Table 3.4: Average speed on 20µm wide grooves and ridges
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Cell Number Vx (µm/s) Vy (µm/s) V (µm/s)
1 0.0188 0.0064 0.0207
2 0.0230 0.0050 0.0244
3 0.0177 0.0026 0.0183
4 0.0075 0.0026 0.0099
5 0.0144 0.0029 0.0155
6 0.0172 0.0043 0.0186
7 0.0203 0.0047 0.0216
Total Average 0.0170 0.0043 0.0184
Table 3.5: Average speed on 25µm wide grooves and ridges
Using the data above, the Vx (µm), Vy (µm/s), V (µm/s) of cells on different
dimensions of grooves and ridges are presented in the following figures, from Figure 3.8
∼ Figure 3.12:
Figure 3.8: Average Speed: Vx, Vy, V on 5µm grooves and ridges
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Figure 3.9: Average Speed: Vx, Vy, V on 10µm grooves and ridges
Figure 3.10: Average Speed: Vx, Vy, V on 15µm grooves and ridges
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Figure 3.11: Average Speed: Vx, Vy, V on 20µm grooves and ridges
Figure 3.12: Average Speed: Vx, Vy, V on 25µm grooves and ridges
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3.3.2 Cell speed Comparison on Different Structure
To compare the average speed of cells on different dimensions of structure, we can
use the t-test. The t-test assesses whether the means of two groups are statistically
different from each other. It is customary to say that if the probability, or P value,
is less than 0.05, that the difference is ‘significant’, i.e the difference is not caused by
chance.
statistically different not statistically different
P value < 0.05 P value > 0.05
Table 3.6: P value determines the significant difference between two groups of data
As an example, figure 3.13 [31] shows the distributions for a treated (blue) and
control (green) groups in a theoretical study. The question the t-test addresses is
whether the means are statistically different. Figure 3.14 [31] shows the formula for
the t-test and how the numerator and denominator are related to the distributions.
Figure 3.13: Distributions for treated and comparison group values
And the SE(X¯T - X¯C) can be calculated as following:









Figure 3.14: Formula for the t-test
with VAR (the variance) is simply the square of the standard deviation. So the P








The T-test results for Vx, Vy, V are indicated in the following Tables 3.7 ∼ 3.9.
P value for Vx




20µm 0.768 0.267 0.963
25µm 0.969 0.430 0.742 0.719
Table 3.7: P value for Vx comparison
From our data, it appears that the average speed of cells on different dimensions
of grooves and ridges are similar, as are the average speed in the X direction. This
is different from the results we got previously. The previous study indicated that
there were significant differences in average speed for cells migrating on different
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P value for Vy




20µm 0.001 0.625 0.027
25µm 0.046 0.074 0.510 0.106
Table 3.8: P value for Vy comparison
P value for V




20µm 0.447 0.243 0.735
25µm 0.790 0.491 0.849 0.602
Table 3.9: P value for V comparison
ridge geometries. On the scaffold which has 20 µm grooves and ridges, endothelial
cells migrated faster than cells on plain PMMA surface, while on 12 µm ridges and
18 µm grooves, the cell speed was almost the same compared with cell speed on plain
surface [13].
However, in Table 3.8, the P-value data in bold format are less than 0.05, the
threshold for the comparison. Therefore the speed in the Y direction on the 5µm
wide grooves or ridges has significant differences with that on 10µm, 20µm, 25µm
wide grooves or ridges. Also the Vy on 15µm is significantly different from that on
10µm, 20µm wide structures. Further discussion will be made in Chapter 4.
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3.3.3 Movement on Smooth Muscle Cell Pattern
In order to explore the behavior of endothelia cells migrating through the smooth
muscle cells (SMC) in vivo, a new more complex pattern is designed to simulate this
process.
In the human body, the diameter of the smooth muscle cell ranges from 5µm
∼ 20µm, while the length can be 30µm ∼ 200µm. Figure 3.15 [32] is a view in
longitudinal section. The SMC is fusiform (spindle-shaped) shaped with the nuclei
centrally located.
Figure 3.15: Smooth muscle view in longitudinal section
The SMC gets its name because no striations are visible in them. Nonetheless,
each smooth muscle cell contains thick (myosin) and thin (actin) filaments that slide
against each other to produce contraction of the cell. The thick and thin filaments
are anchored near the plasma membrane (with the help of intermediate filaments), as
shown in the following cartoon, Figure 3.16 [33].
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Figure 3.16: Typical smooth muscle with fibers inside
Considering the geometric dimension and shape of smooth muscle cells, we have
designed a round corner rectangle pattern to simulate this type of cell. This pattern
is displayed in Figure 3.17. The pattern is 45µm long and 15µm wide, with four
round corner with 5µm radius. In Figure 3.18, a view of the full pattern is shown,
and the cells will be seeded into the reservoirs left of the blocks. The width (from top
to bottom) of the whole pattern is 1mm and the length (from left to right) is 990µm.
The material used for this pattern is also 1mm thick PMMA. The figure of this
pattern is designed in BMP monochrome format, and then imported to the Ionscan
software. This fabrication was conducted by using magnetic scanning. In addition,
since the area of this pattern is relatively large, the fabrication was carried out using
the 30◦ beam line, not the more advanced 10◦ beam line which has a smaller scanning
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Figure 3.17: Smooth muscle cell like pattern: length 45µm; width 15µm; radius of
the corner 5µm
Figure 3.18: The pattern of SMC simulated in software Ionutils
area but higher resolution. After exposure, the substrate was developed, according to
the section 2.3.1. The height of the blocks is 9µm. Figure 3.19 is an optical picture
taken under 5 times magnification of the fabricated scaffold.
As previously discussed, the scaffold, which contains the simulated SMC structure
surrounded by a flat surface, is bonded with a top housing to enclose the cells. We
can compare the movement of cells on the structure with that on the plain surface,
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Figure 3.19: The pattern of SMC fabricated by PBW
as shown in Figure 3.20. In this figure, the cells can migrate along the flat surface,
and can be tracked within the blocks.
Because of the higher density of the cells on the flat accumulation area left to
the block area, the cells rapidly migrate into the blocks without much difficulty. We
have seen previously that the endothelial cells move rapidly in straight lines along
ridges. Now the question is whether these cells can move through a more complex
structure where the ability to turn corners is necessary. We therefore define here,
the turning index “t”. When the cells migrate through the blocks, they will face the
choice of turning around the corner or going straight along the channel. If the cell
turns around, we set the turning index to 1, otherwise to 0. As the result, the total
turning index “T” is calculated from the sum of the turning index t divided by the
total turning choices N.
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Figure 3.20: The top view of the bonded scaffold with SMC pattern
T (total turning index)=
∑N
i=1 ti / N
And this total turning index represents the possibility of the turning around the
corner. If the T equal to 1, that means the cell always turns when it arrives at the
corner, whereas if the cells cannot easily turn, T will be close to 0.
By tracking cells in the movie clip of the experiment, it is clear that the cells could
both turn, as well as go straight. Since many cells tend to collide with each other,
only a few cells can migrate through the blocks without interruption.
The total turning index of 9 tracked cells is obtained as follows:
Total choices of turning Numbers of turning Total turning index
41 22 22/41 = 53.7%
Table 3.10: Total turning index
So, from Table 3.10, the possibility of the cell turning a corner is about 54%, while
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going straight is 46%. This means that in this particular geometry, the cell has an
equal probability of either moving straight or turning a corner. These results will be
discussed in the next chapter.
Chapter 4
Discussion and Summary of Cell
Motility and alignment behavior
on 3D scaffolds
4.1 Cell Migration on Plain Surface
Directional cell migration is critical in many physiological processes, including mor-
phogenesis, the immune response, and wound healing and tumor metastasis [34] [35] [36].
Migration, in turn, involves a number of coordinated events, including the protrusion
of pseudopodia, the formation of new adhesions, the development of traction, and the
release of old adhesions [37]. It is well known that in these processes cell movements
can be guided by gradients of various chemical signals. In our study, we have focused




Figure 4.1: Illustration of Different Forces Involved in Cell Migration
4.1.1 Background of Cell Migration
Figure 4.1 [37] shows the forces involved in cell migration: Protrusion of membrane
lamellipodia or filopodia requires force generated by actin polymerization (forming
actin filaments), by Brownian motion, the cortical expansion mechanism, or a combi-
nation of these. Translocation of the cell body forward, once the membrane protrusion
has become adherent to the substratum, may occur by myosin interactions with actin
filaments. These interactions are generally controlled by receptor-mediated interac-
tions with the extracellular matrix (ECM). These receptors link the cell to ECM
ligands, transmitting forces and signals necessary for locomotion [37] [38]. Whether
the cell can migrate forward or not on a given substrate, and also their speed, depends
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on many variables related to integrin-ligand interactions, including ligand levels, in-
tegrin levels, and integrin-ligand binding affinities. These and other factors affect the
way molecular systems integrate to effect and regulate cell migration [28] [39]. Some
previous studies indicated that short-term cell-substratum adhesion strength is an
important factor that influences the migration of cells [39], where detachment of the
cell rear involves disruption of cell substratum attachments, perhaps accelerated by
myosin-mediated actin filament contraction pulling on adhesion complexes. Here, the
magnitude of traction is less than the contraction force.
In addition, some researchers have found that the rigidity of the substrates can
also guide the movement of cells [40]. Recently, researchers have constructed models
to simulate endothelial cell spreading [41], monitoring the dynamic changes in cell
shape, spreading rate, and forces exerted during the early stage (first several hours)
of migration. Some groups have explored the role of hemodynamic forces (the force
relating to the flow of blood within the organs and tissues of the body) in the migration
of endothelial cells, and found that the shear stress (the frictional drag of blood flowing
over the cell surface), enhances the migration speed of endothelial cells by modulating
the biophysical force of traction [42].
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4.1.2 Materials for Cell Migration Experiment
As mentioned in last subsection, the adhesion between the substrate and the cells
is very crucial for the cell migration. Thus, the surface properties of the substrates
for cell migration experiment need to be studied. For our study, we use PMMA as
the resist for the Proton Beam Writing (PBW). However, different types of PMMA
going through different manufacturing processes may have various surface properties,
which may influence the cell adhesion to the surface.
In our program, 3 types of PMMA have been tested, as listed in Table 4.1
Type No. Material Source thickness (mm)
1 DM000 Acrylic sheet (Dama Enterprise, Singapore) 1.5
2 PMMA GS233 sheet (Rohm company, Germany) 3.0
3 PMMA Acrylic sheet (Goodfellow, Cambridge Ltd. UK) 1.0
Table 4.1: Types of PMMA for cell migration experiments
During the experiments, it was found that the cells can grow and move on type
2 and 3 quite well, but cannot adhere to the type 1 properly: type 1 PMMA is not
biocompatible, and not suitable for cell culturing. We can see from Figure 4.2 that
the cells cannot attach to these substrates properly, either on the structure or even on
the plain surface outside the pattern. These cells die after several hours, perhaps due
to release of pollutant from the substrate surface, and as a result we cannot perform
the migration experiments.
Since we suspected that some properties of the surfaces differed between different
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Figure 4.2: Cells cannot adhere to the 1.5mm PMMA substrate properly
types of PMMA, a contact angle test was performed to determine whether the surface
is hydrophobic or hydrophilic. The interface of the testing software: Rame´-Hart
Contact Angle Goniometers (Rame´-Hart Instrument co.) is as shown in Figure 4.3.
A set volume of DI water was dropped on the surface of the substrate, the microscope
captured the image, and the software measured the contact angle automatically. The
data is shown in the right top box in the figure.
During the experiments, the volume of the droplet was changed from 1.5µl, 125µl,
35µl. We tested 2 sample, one is 1.5mm thick PMMA (Dama enterprise) and the
other is 3mm PMMA (Rohm company). The results are indicated in the following
Table 4.2:
From the data, according to the same volume of droplet, the contact angle of the
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1.5mm 78.9◦ 70.7◦ 51.5◦
3.0mm 56.6◦ 51.6◦ 45.2◦
Table 4.2: The results of contact angle test refer to different volume of the droplet
3mm (from Rohm) thick PMMA is smaller than the 1.5mm PMMA (from Dama),
which means the 3mm PMMA is more hydrophilic than 1.5mm PMMA. Hydrophilic
substances are those that can enter into a charged interaction with water molecules.
Some previous studies using polymer has indicated that the highest number of ad-
hering endothelial cells are found on a moderately wettable surface of PMMA, with
the highest percentage of cell adhesion occurring for a contact angle of between 40◦
∼ 50◦ [43] [44]. Beyond that range, when the contact angle goes up, the adhesion is
reduced.
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To minimize this problem, we coat a very thin layer of 1.5% gelatin on the sub-
strate, which helps cell adherence. The hydrophilic substrate can also have a charged
interaction with the gel molecules, and as a result appears to improve the adhesion
between cells and the substrate.
The following Figure 4.4 shows the improvement of adhesion when coated with
the thin 1.5% gelatin layer.
Figure 4.4: Cells can adhere to the 3mm PMMA substrate with structures when
coated with the thin 1.5% gelatin layer
4.2 Cell Motility and Alignment on Microstruc-
ture
Cells move on the plain surface randomly, in the absence of other stimulus factors
such as chemical, electrical or other oriented signal gradients [30]. However, cells
56
moving on topographies such as grooves and ridges often show highly oriented move-
ment [3] [26] [29] [45].
Other than the influences on the cell movement, the geometric constraints from
the microstructure can also can have effects on cells’ other behavior, as listed in






Orientation of the cytoskeleton
Table 4.3: Biological reactions to topography
4.2.1 Cell Movement on Grooves and Ridges
When cells move on the grooves and ridges, they are easily orientated by the structure.
In general, they follow the direction of the pattern, but the width and depth of the
grooves or ridges will have different influences on the guidance of cell migration.
As measured in Chapter 3, the cells’ speed on different width of grooves and ridges
is different. In Figure 4.5, we find that the speed of cells in the X direction, along the
grooves and ridges, is significantly larger than the speed of cells in the Y direction,
across the grooves and ridges. However, the total speed on different dimensions of
grooves and ridges are not significantly different.
In Table 3.7 3.7 3.9, application of the student t-test shows that there is no
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Figure 4.5: Cells can adhere to the 3mm PMMA substrate properly
significant differences between total average speed on grooves and ridges of different
geometries, which means the geometric guidance does not alter migration speed of
the cell on the substrate. The previous result of our group showed that the speed of
cells on 20 µm grooves or ridges could move faster [13]. However, these experiments
used separate scaffolds and different cell batches. The groups of cells cultured and
stored for different times might behave differently, although they were the same type
of cells. In addition, the surface of the scaffold may not be the same for each case and
the properties of the surface have significant effects on the cell’s behavior.Different
sets of cells in the previous experiment had been stored in the refrigerator for different
times, which may also have some effects on the cell’s behavior.
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Nonetheless, we have confirmed the previous result that the grooves or ridges
pattern can direct the movement of the cells. Table 3.7 shows that the speed in the
Y direction on the 5µm wide grooves or ridges has significant differences with that
on 10µm, 20µm, 25µm wide grooves or ridges. Also the Vy on 15µm is significantly
different from that on 10µm, 20µm wide structures. That means the constraints of
the grooves on the cells varies with width. Figure 4.6 shows the Vy on different width
of grooves or ridges.
Figure 4.6: The speed on Y direction of different width of grooves or ridges
The directional movement of each single cell can also be analyzed by the calculated
guidance angle between cell migration and the direction of grooves [46]. The average
angles of cells on different surfaces are shown in Figure 4.7. The cell walks randomly
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on a plain surface without structure, and the the average angle was 44.1◦, measured
in previous study [13]. The lower the average angle, the better the cells are guided.
From our data, the cells are guided best on the 10 µm wide grooves and ridges, which
exhibits a guidance angle of 8◦.
Figure 4.7: The average angles between cells movement and the direction of grooves
or ridges with different width as well as on the plain surface
4.2.2 Cell Movement on Smooth Muscle Cell Pattern
In the cell migration experiments through the smooth muscle cell pattern, many active
cells move into the pattern from the adjacent flat surface.
From the results presented in Chapter 3, it seems that the possibility of the
cells turning a corner and going straight is almost the same, around 54% and 46%
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respectively.
One explanation for this result is as follows: when the cell approaches a corner,
an extension of the protrusion at the cell’s leading edge occurs. The attachment of
the protrusion to the substrate pulls the cells forward as in the movement on a plain
surface.
Figure 4.8: Possible migration path of cells in the SMC pattern
Figure 4.8 shows an endothelial cell approaching to a corner. The surface proper-
ties of both gap A and B are almost the same and the width of the gaps are similar
at 15µm. Since the cell probes only a limited distance using its lamellipodium, the
gap A and B appear similar to the cell, even if it has to turn to enter gap A. On a flat
surface, the cells can move their bodies in all directions, resulting in a random walk.
In our geometry, cells approaching a corner appear to have no preference to entering
gap A or B.
Figure 4.9, shows the measured path of a tracked cell through the simulated SMC
pattern.
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Figure 4.9: Schematic of the movement path within the blocks
4.3 Discussion
The adhesive interaction between the cells and the substrate is essential for cell move-
ment, and also has effects on cell alignment. In our work, the experiment of simul-
taneous cell migration on different dimensions of grooves and ridges has been carried
out, and the results show that the cells move along the direction of the grooves or
ridges due to the geometric constrains. When the cell moves on this pattern, the mi-
crofilament bundles of the cell predominately form along the direction of the groove or
ridges. Wilkinson et.al have proved this by staining using antibodies for F-actin, the
main constituent of the microfilaments, and using antibodies to reveal the constituent
parts of the assembly that links the end of a microfilament to the membrane [47]. In
contrast, when cell moves on the flat surface, this linear organisation of the micro-
filaments to the direction of the groove is lost. As a result of that, the cell lose the
preference of migration direction, and moves randomly in all directions.
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The speed Vy, in the direction perpendicular to the grooves or ridges, on different
ridges is somewhat different and depends on geometry. Our results also indicate that
the grooves or ridges can guide the cell’s movement. If the width of the ridges is
relatively small, the cells can move across these ridges more easily. Nonetheless, the
total average speed remain almost the same, which means that the structure could
only guide the direction of the movement but cannot influence cell speed. Because
the movement is controlled by the adhesion between the cells and the substrate, and
the different width of ridges cannot enhance or reduce this kind of adhesion (although
the contact area may be different), the cells cannot be stimulated to move faster or
slower on different ridge or groove dimensions.
For the cell’s migration through the smooth muscle like blocks, the cells do not
have any preference in turning around a corner or going straight. One possible reason
is that the migration of the endothelial cells is driven the resulting force generation at
focal adhesions. ECM (extracellular matrix) binding to integrins causes attachment of
cytoskeleton at focal adhesions, and the generation of traction forces. When the cells
approach a corner, the filaments in the front of the cells are adjusted according to the
local surface condition, and are polarized gradually. And the polarized distribution of
focal adhesions enhances cell attachment at the front, and concentrates the traction
forces in the rear on fewer focal adhesions to facilitate the release of focal adhesions.
When the front filaments change their orientation along the corner, the cells will turn
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around as a result. The local geometry of the substrate looks homogeneous to the cells
in our case, thus the cells seem to have no preference for turning or not. If the width
of the gap on the side is different from the width of the straight through channel, then
the cells may prefer to choose the wider path to move into. This hypothesis however
still need further experiments to confirm.
Chapter 5
Fabrication of multiple 3D scaffolds
and RNA studies of cells on large
area scaffolds
Proton beam writing can fabricate 3D structures in polymer directly. However, the
process is also time consuming and the cost is relatively high, if multiple large area
scaffolds are needed for, for example, RNA analysis. In order to achieve the goal
of obtaining multiple large area 3D scaffolds within a reasonable time, the idea of
making a metal stamp and then using it to imprint copies of scaffolds increases the
efficiency of fabrication. Gene-expression profiling microarray will be used to analyzed
the genes involved in the various EC cellular response associated with cells grown on
ridge/groove scaffolds fabricated using imprinting.
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5.1 Introduction to Electroplating
Electroplating is a chemical or electrochemical process where a metallic layer is de-
posited on a conductive base material. Common plating metals include: cadmium
(Ca), chromium (Cr), copper (Cu), gold (Au), nickel (Ni), silver (Ag) and their alloys.
Our work focuses on Ni plating.
In order to obtain multiple copies of 3D scaffolds using imprinting, a metal stamp
is the prerequisite. The electroplating plays an important role in making stamps
from the micro structures fabricated in resist on a Si wafer. In our clean room
(103 particles/ft3), a Nickel plating machine (TECHNOTRANS) is employed to make
stamps or molds for further multiple scaffold production.
Nickel plating is similar to other electroplating processes that employ soluble metal
anodes. It requires the passage of direct current between two electrodes that are
immersed in a conductive, aqueous solution of nickel salts. The flow of direct current
causes one of the electrodes (the anode) to dissolve and the other electrode (the
cathode) to become covered with nickel. The nickel in solution is present in the form
of divalent positively charged ions (Ni2+). When current flows, the positive ions react
with two electrons (2e−) and are converted to metallic nickel (Ni0) at the cathode
surface. The reverse occurs at the anode where metallic nickel is dissolved to form
divalent positively charged ions which enter the solution. The nickel ions discharged
at the cathode are replenished by those formed at the anode [48]. The Figure 5.1
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shows the set up of Ni plating.
Figure 5.1: Ni electroplating setup
The electrolyte used in the plating process is Nickel sulfamate Ni(NH2SO3)2, as
shown in the figure. This solution is widely utilized for electroforming because of the
low internal stress of the deposits, and high rates of deposition.
Quantitatively, the thickness (h) of Ni layer deposited on the resist is related to
both the plating time (t) and current density (d). The current density (d) represents
the current per unit area and expresses in the form of current (I) over a structure
area (s). If we name K the constant number which represents the properties of the
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plating system, the equation of thickness should be:
h = K × d× t = K × I
s
× t
And the meaning of K (µ m × cm2 / A × min) is the volume of the deposited Ni layer
per minute per current on the resist structure in the plating bath. Since the K value
can be achieved in the calibration for the plating machine, it is easy to determine
the thickness of a new stamp according to the plating current, structure area and the
deposition time set and the result matches the absolute calculation of the thickness.
The minimum current for this plating machine is 0.015A.
5.2 Ni Electroplating of PMMA Resist Structures
In order to make a large area metal stamp, we first fabricate structures on the resist
on a Si wafer coated with thin metal layers to improve adhesion. The fabrication
process is almost the same as described in Chapter 2. A thin layer PMMA resist (in
our case, 9µm thick) is spin-coated on a Si substrate coated with layers of Cr and Cu.
If Cu layer is deposited on the substrate, the Cu layer will be easily peeled off from
the Si substrate in the plating process later on. Thus a layer of Cr or Au will enhance
the adhesion of the Cu layer to the substrate. When the resist layer is exposed by
the proton beam and developed, the electroplating process can begin.
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Figure 5.2 shows the process of plating a Ni stamp from the patterned resist.
Before the plating, a thin layer of Ti is coated on the surface of the resist, in order
to make the sample more conductive for plating.
Figure 5.2: Process Scheme for achieving a Ni stamp from electroplating PMMA
resist
During the plating process, a lower current density e.g. 0.0086 A/cm2, corre-
sponding to a low deposition rate of 0.18 µm/min was set. After several hours of
plating, the current density was increased to 0.0132 A/cm2 to achieve a higher de-
position rate of 0.27 µm/min [13]. The initial low rate can reduce the inner stress
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and increase the quality of plating, since for deposition in small featured structures
of high aspect ratio, more time is needed to allow the Ni atoms to arrange properly
on the surface of the substrate. Finally, we achieved a Ni stamp with a thickness
around 0.5 mm, ensuring that the stamp was firm enough to imprint multiple copies
without deformation. When the plating was finished, the stamp was separated from
the original substrate. However, in case of any residual Cu layer remaining attached
to the stamp, an acid etchant (HNO3:HP3O4:CH3COOH = 0.5:50.0:49.5 (in volume))
is used to dissolve the Cu film. The etchant does not react with the Ni stamp.
Figure 5.3 shows the Ni stamp fabricated using PBW and plating.
Figure 5.3: SEM image of Ni stamp, 20µm wide for both ridges and grooves, 10µm
deep. Image was taken with an angle of 20◦ between sample holder and the horizontal
plane
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5.3 Process of Hot Embossing and Bonding
5.3.1 Introduction to Hot Embossing
Hot embossing is essentially the stamping of a pattern into a polymer softened by
raising the temperature of the polymer just above its glass transition temperature.
The stamp used to define the pattern in the polymer may be made in a variety of
ways including micromachining from silicon, or LIGA [49]. A wide variety of polymers
have been successfully hot embossed with micron or nano scale size features, including
polycarbonate and PMMA. The benefits of this approach are the ability to take
advantage of the wide range of properties of polymers, as well as the potential to
economically mass produce parts with small scale features.
Our project involves the Nano Imprinter (Technotrans AG) operating in our clean
room. The hot embossing system is shown if Figure 5.4. During the hot embossing
process, the stamp rests on a piece of polycarbonate (the “mattress”) which has
a larger area than the stamp, and being flexible helps the stamp to exert uniform
pressure. The PMMA sample sheet is placed on the top of the stamp and covered by
a piece of polyimide (Kaptonr) to distribute the force on the top more evenly. After
the polymer sample is located within the area of the stamp, two or three aluminum
sheets are placed on top to cover the sandwich, also to transfer the pressure uniformly.
The stack is placed on the holder and heated by the hot plate. When the desired
temperature is reached a suitable force is applied[50]. The whole process can be
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controlled by PC using the software Imprinting. A screen shot of control software is
shown in Figure 5.5.
Figure 5.4: Schematic view of hot embossing system
5.3.2 Hot Embossing of PMMA
When the stamp is ready, the next step is to use the stamp to imprint the pattern
into the polymer samples. The PMMA sample is placed on the top of the stamp as
shown in the Figure 5.4, with application of heat and pressure. The main steps are
as follows:
(1) Raising the temperature to its 1st setting point: 140◦C;
(2) When the temperature reaches the setting point, raise the pressure to its 1st
setting point: 40 Bar;
(3) When the pressure is ready too, hold for 60 seconds;
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Figure 5.5: Interface of the hot embossing control software: Imprinting
(4) Decrease the temperature to its 2nd setting point: 105◦C;
(5) When the temperature reaches the 2nd setting point, decrease the pressure to
its 2nd setting point: 15 Bar;
(6) When the pressure reaches its setting point, hold for 15 seconds;
(7) Decrease the temperature to the 3rd setting point: 80◦C;
(8) When the temperature reaches the 3rd setting point, decrease the pressure to
zero, and then separate the PMMA sample from the stamp.
The following Figure 5.6 and Figure 5.7 are plotted according to the data from
the hot embossing experiments.
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Figure 5.6: Processes of applied temperature
Figure 5.7: Processes of applied pressure
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Figure 5.8 is an optical photo of the PMMA substrate (1.5mm thick, Rohm com-
pany) imprinted by the stamp. Also from the process curves above, it is clear that
making one 5mm × 5mm large area piece of scaffold using printing takes only 8
minutes.
Figure 5.8: Optical image of PMMA substrate hot embossed with the Ni stamp
5.3.3 Bonding Technique
The final step in the process is bonding. The bonding technique is almost the same
as the one used in making the scaffold for the migration experiment, described in
Chapter 3. Although the PMMA used in the imprinting process is from a different
company, both types are suitable for cell adhesion and growth. However, the glass
transition temperature (Tg) is slightly different. In this case, we set the temperature
at 152◦C, a little higher than the previous setting of 140◦C. The bonding parameters
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are as indicated in the following table 5.1, with the previous setting in Chapter 3
included for comparison.
PMMA source Temperature(◦C) Pressure(×105bar) Bonding Time(h)
Rohm company 152 4 4
Good Fellow 140 3 4
Table 5.1: Bonding parameters refer to different types of PMMA
The shape of the top housing is also different, in this case it is a square piece with
a large hole (the diameter of the hole is 4.5mm, a little smaller than the width of the
structure, 5mm). The outlook of the final scaffold is shown in Figure 5.9:
Figure 5.9: The outlook of the scaffold for the RNA detection experiments
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5.4 RNA Studies of the Cells on the Large Area
Scaffolds
Studies on the molecular control of endothelial cell (EC) morphogenesis during an-
giogenesis or vasculogenesis have revealed many insights into how blood vessels par-
ticipate in complex biological processes such as development, wound repair and tu-
morigenesis [8] [51] [52] [53]. Identifying new molecular targets that block specific
steps in EC morphogenesis may become crucial in efforts to inhibit angiogenesis in
human diseases where angiogenesis is a pathogenic component (i.e. cancer, diabetic,
retinopathy, arthritis, atherosclerosis) [7] [52]. In our work, cells are harvested for
gene detection to explore whether geometric constraints have any effects on the level
of related genes. These results will provide additional information for the control of
genes to inhibit or promote angiogenesis.
5.4.1 Experiment Process of Gene Detection
When the cells have been cultured and raised on the bonded scaffolds (the whole
pattern is 5mm×5mm, the width and the depth of the ridges are 20µm, 9µm re-
spectively) for several days, they are harvested for gene detection experiments by
our collaborators Dr. Ge Ruowen and Sun Feng from DBS, NUS. The experiment
procedure is as follows [54]:
A. RNA Preparation
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The mRNA (messenger RNA) need to be isolated from the cells. mRNA is synthe-
sized from a DNA template during transcription, that mediates the transfer of genetic
information from the cell nucleus to ribosomes in the cytoplasm, where it serves as
a template for protein synthesis. The most important prerequisite for any gene ex-
pression analysis experiment is consistent, high-quality RNA from every experimental
sample. Therefore, the sample handling and RNA isolation procedures are critical to
the success of the experiment. The mRNA is extracted from the treated cells followed
the process of ArrayGrade mRNA purification Kit [54].
B. cDNA Synthesis
Second, combine the RNA sample with Component G1 and RNase-Free H2O, and
incubate at 70◦C for 10 min; this combination is named Annealing Mixture. After
that, prepare the cDNA Synthesis Master Mix, then add 10 µl of cDNA Synthesis
Master Mix to each tube containing 10 µl of Annealing Mixture. Incubate at 42 ◦C
for 50 minutes followed by 75 ◦C for 5 minutes then cool to 37 ◦C. Finally, centrifuge
briefly to collect the mixture at the bottom of the tube and return to 37 ◦C.
C. cRNA Synthesis, Labeling, and Amplification
Add 20 µl Amplification Master Mix to each tube containing 20 µl of cDNA Synthesis
Reaction. Mix well and Incubate for at least one hour or up to overnight at 37
◦C. After that, SuperArray ArrayGrade cRNA Cleanup Kit is used for the cRNA
Purification.
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D. Oligo GEArray Hybridization
The appropriate volume of the purified cRNA preparation is added to the hybridiza-
tion solution described in the Oligo GEArray User Manual. After overnight hy-
bridization, pour the Target Hybridization Mix from the hybridization tube into a
clean microcentrifuge tube. Then add 5 ml Wash Solution 2 to the hybridization
tube. Wash the membrane for 15 minutes at 60 ◦C with 20 to 30 rpm agitation, and
discard the wash solution.
E.Chemiluminescent Detection
The Chemiluminescent Detection Kit is used to obtain the chemiluminescent array
image.
F.Image and Data Acquisition and Analysis
The chemiluminescent signal can be collected through a cooled CCD camera and can
aslo be recorded using X-ray film and a flatbed desktop scanner. The data extraction
and analysis is conducted with the GEArray Expression Analysis Suite.
5.4.2 Results and Discussion for the Microarray Detection
Following the experimental procedure mentioned above, several groups of microarray
have been tested for related genes. Some selected data are shown in the following
tables:
In the tables, the 2D column stands for the level of gene expression from the
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Angiogenesis Superarray
Gene No. Code Name 2D 3D 2D/3D
67 MMP2 Matrix metalloproteinase 2 27030 26682 1/0.99
103 TIMP1 Tissue inhibitor of metalloproteinase 1 22454 30714 1/1.37
112 VEGFB Vascular endothelial growth factor B 17449 18912 1/1.08
Table 5.2: Angiogenesis Superarray
Extracellular Matrix and Adhesion Molecules Microarray
Gene No. Code Name 2D 3D 2D/3D
7 CNTN1 Contactin 1 5450 967 1/0.18
32 CTGF Connective tissue growth Factor 10542 0 —
38 FN1 Fibronectin 1 14760 399 1/0.03
Table 5.3: Extracellular Matrix and Adhesion Molecules Microarray
cells seeded on the plain surface, while the 3D column data from 3D scaffolds. For
the Angiogenesis Superarray detection in Table 5.2, the listed genes’ expression does
not change much from 2D to 3D environment. That means our 3D structures seems
to have little influence on those genes related to the angiogenesis process. For the
ECM and Adhesion Molecules Microarray detection in Table 5.3, the listed genes’
expression changes a lot. The CNTN1 decreases around 5 times, the FN1 decreases
to around 33 times. CTGF has zero expression in the cells on the 3D structures,
while on plain surface the gene still remain at a relatively high level. These results
indicated that the 3D pattern can change the genes expression related to adhesion.
Table 5.4 is the detection results for control genes. The control genes are relatively
stable and will not change to much under normal conditions. However, from the data,
HSPCB expression decreases as much as 4 times. Also ACTB and RPS27a decrease
slightly. These results shows that the status of the cell on 3D scaffolds may change
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Control Genes
Gene No. Code Name 2D 3D 2D/3D
1 RPS27a Ribosomal protein S27a 47815 33849 1/0.71
124 HSPCB Heat shock 90kDa protein 1, beta 30138 7967 1/0.26
125 ACTB Actin, Beta 50877 30973 1/0.61
Table 5.4: Control Genes





The migration experiments of the endothelial cells on different dimensions of ridges
and within patterns that simulate smooth muscle cells has shown that proton beam
writing is a potential and suitable patterning technique to understand cell response
to different kinds of geometrical constraints. In addition, it is efficient and relatively
low cost to produce multiple scaffolds through the hot embossing technique, which
make the RNA detection experiments possible.
Grooves and ridges can align the cells and guide their movement direction, com-
pared to the random walk on a plain surface. While previous results [13] have indi-
cated that cells move faster on 20 µm ridges than on 12µm ridges, our results show
that the total average speed of the cells are not significantly different between each
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ridge geometry. The previous measurements were made with different substrates us-
ing different sets of cells. The surface treatment each time might not be the same and
the condition of the cells may also have varied. From our new results, it seems that
the 3D pattern does not change the cells’ average speed, but confirms our previous
work showing that ridges can act as alignment and guidance structures.
For the migration on the smooth muscle like pattern, the cells have almost the
same possibility to turn a corner and as to move in a straight path. When the
front filaments change their orientation along the corner, the cells can turn around.
However, if the width of gap at the corner is not the same, the cells may have a
preference in the direction of their movement. This hypothesis still need further
experiments to confirm.
Multiple copies of larger area scaffolds are made by hot embossing, and the RNA
detection of cells grown on these scaffolds has been conducted by our collaborators
Dr. Ge Ruowen and Sun Feng from Dept. of Biological Sciences, NUS. The results
show that the genes related to geometric constraints involved in the angiogenesis
process have not been affected too much, while those genes related to adhesion have
changed significantly. The control genes also change a little, which infers that living
cells on the 3D structures do not grow as well as those on the plain surface.
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6.2 Further Development
6.2.1 Cell Migration on Smooth Muscle Cell like Pattern
The assumption that the different gap width of the corner may influence the choice
of the direction of the cell movement. Figure 6.1 displays two new possible pattern
of smooth muscle cell like blocks with different width of gaps.
Figure 6.1: New dimensions of the smooth muscle like pattern
In addition, there is a defect in our design: the material we used is rigid PMMA
sheet, while in vivo the smooth muscle cells are elastic and placed next to each other
with little gap, just as shown in Figure 3.15 . Thus the material of the substrate may
also need improvement in order to be closer to the real environment.
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6.2.2 Endothelial Cell Gene Expression according to Differ-
ent Patterns of Scaffolds
In this project, we have studied the responsive genes of human endothelial cells and
their roles in EC behaviour associated with geometric constraints through different
gene microarrays. These cells are raised on the scaffolds made by hot embossing,
and the depth of the structure is 9 µm. Shallower patterns may be more suitable for
endothelial cells accumulating and growing, and forming networks or even tubes later
on, which is the process of angiogenesis. So for the future work, we suggest that a
shallow stamp with depth of 4 µm could be made and used for imprinting multiple
copies of scaffolds. Then we can compare the results of the gene expression obtained
form two different depth of structure. We believe that these result can reveal further
useful information for the studies of angiogenesis process.
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